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Abstract: The development of efficient and noble-metal-free electrocatalysts for the challenging oxy-
gen evolution reaction (OER) is crucial for sustainable energy solutions. In this work, a facile co-
precipitation method, followed by thermal postsynthetic treatment in N2/air, was developed to syn-
thesize molybdenum-doped ฀-Mn2O3 materials (Mn2O3:1.72%Mo, Mn2O3:2.64%Mo, Mn2O3:32.23%Mo,
and Mn2O3:49.67%Mo) as low-cost water-oxidizing electrocatalysts. Powder X-ray diffraction (PXRD),
extended X-ray absorption fine structure (EXAFS), X-ray photoelectron spectroscopy (XPS), and high-
resolution transmission electron microscopy (HRTEM) investigations showed the presence of strong dis-
tortions in the molybdenum-doped ฀-Mn2O3 host lattice (Mn2O3:2.64%Mo) and an average oxidation
state of Mn2.8+. Several test assays demonstrated that these structural features significantly promote the
OER activity. Mn2O3:2.64%Mo was found to exhibit very good activity among the series in cerium am-
monium nitrate (CAN)-assisted water oxidation with a maximum turnover frequency (TOF) of 585 ฀mol
O2 m–2 h–1, which is a 15-fold improvement of the pure ฀-Mn2O3 activity and higher than the value of the
previously reported benchmark Mn-based catalyst, birnessite. The optimized catalyst (Mn2O3:2.64%Mo)
excelled through a low onset potential (300 mV) and a promising overpotential of 570 mV for OER at
a current density of 10 mA cm–2, which is only 20 mV above that of the noble metal benchmark RuO2
electrode and competitive with that of the most active Mn-based OER catalysts reported to date. Electro-
chemical impedance spectroscopy (EIS) studies demonstrated that the catalytically active surface area of
Mn2O3:2.64%Mo is much higher than that of ฀-Mn2O3 for the OER at the applied potential. In addition,
stability during 30 h without degradation was achieved, which exceeds that of a wide range of current
noble-metal-free electrocatalysts. Our study provides a facile and effective approach for the preparation
of economical and high-performance manganese-based electrocatalysts for water oxidation.
DOI: https://doi.org/10.1021/acscatal.9b02718
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Figure S1. PXRD patterns of MnO and Mo doped MnO intermediates obtained after initial annealing 
in nitrogen. 
 
Figure S2. Thermogravimetric analysis (TGA) (blue solid line) and differential thermogravimetry 
analysis (DTG) (red dotted line) plots of the MnCO3:2.64%Mo precursor thermally treated from room 
temperature to 600 ˚C in a nitrogen atmosphere at a heating rate of 5 ˚C min-1.  
Two distinct mass loss steps were observed during TGA. The first mass loss occurs below 150 ˚C, 
which is related to the release of physically or chemically absorbed water, while the second prominent 
mass loss between 140 ̊ C and 600 ̊ C corresponds to the thermal degradation of the carbonate precursor. 
The value obtained for the first mass loss is close to release of a water molecule (4.07% for 
MnCO3:2.64%Mo) with DTG peaks at 150 ˚C. Similarly, the value observed for the second major mass 
loss can be attributed to the carbon dioxide (37.5% for MnCO3:2.64%Mo) with distinct DTG signals at 
435 ˚C. 
 


















































Figure S3. Rietveld refinement results of the PXRD pattern of Mn2O3:2.64%Mo after calcination at 
400 °C in air. 
 
Figure S4. PXRD pattern of MnOx obtained from annealing of pure manganese carbonate precursor 
at 400 °C in air. 
































Table S1. Lattice parameters obtained from Rietveld refinement of the PXRD patterns of 
Mn2O3:2.64%Mo and Mn2O3:1.72%Mo after calcination to the final products. 
Samples Mn2O3:2.64%Mo Mn2O3:1.72%Mo 
α-Mn2O3 (PDF 
01-071-0636) 
Space group Ia-3 (206) Ia-3 (206) Ia-3 (206) 






b 9.4106(7) 9.4084(7) 9.41460(18) 
c 9.4106(7) 9.4084(7) 9.41460(18) 
Rwp 7.24 6.22  
Elements 
Mn2O3:2.64%Mo  
x, y, z (Occupancy) 
Mn2O3:1.72%Mo  
x, y, z (Occupancy) 
Mn1 0.000000 0.000000 0.000000 (0.979) 0.000000, 0.000000, 0.000000 (0.990) 
Mn2 0.28545(12), 0.000000, 0.250000 (0.979) 0.28483(10), 0.000000, 0.250000 (0.990) 
O 0.1287(4), 0.1466(4), -0.0826(4) (1.000) 0.1284(4), 0.1482(4), -0.0830(3) (1.000) 
Mo1 0.000000, 0.000000, 0.000000 (0.021) 0.000000, 0.000000, 0.000000 (0.010) 









Figure S8. SEM-EDX of Mn2O3:1.72%Mo, Mn2O3:2.64%Mo, Mn2O3:32.23%Mo and 
Mn2O3:49.67%Mo. 
Table S2. Determination of manganese and molybdenum ratios in Mn2O3:1.72%Mo, Mn2O3:2.64%Mo, 
Mn2O3:32.23%Mo and Mn2O3:49.67%Mo obtained from EDX and ICP-MS analyses. 
Sample Initial Mo:Mn atomic 





percentage ratio  
(ICP-MS) 
Mn2O3:1.72%Mo 1 : 4 1 : 219.00 1 : 81 
Mn2O3:2.64%Mo 1 : 2 1 : 60.00 1 : 46 
Mn2O3:32.23%Mo 1 : 1 1 : 5.30 1 : 2 
Mn2O3:49.67%Mo 1 : 0.66 1 : 1.20 1.08 : 1 
 
 
















Figure S12. FT-IR spectra of α-Mn2O3 and Mn2O3:2.64%Mo. 
 
 
Figure S13. PXRD patterns of Mn2O3:1.72%Mo, Mn2O3:2.64%Mo, Mn2O3:32.23%Mo and 
























Figure S14. Survey XPS spectrum of Mn2O3:2.64%Mo. 
 
 
Figure S15. Schematic representation of the changes in the valence state of Mo and Mn species under 
different annealing reaction conditions. 
 
Table S3. CHN elemental analysis of the MnCO3:2.64%Mo precursor and Mn2O3:2.64%Mo. 
Samples Carbon (wt%) Hydrogen (wt%) Nitrogen (wt%) 
MnCO3:2.64%Mo precursor 5.12 1.11 1.25 
Mn2O3:2.64%Mo 0.17 0.02 0.00 
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Figure S17. XPS linear calibration for quantification of the main Mn oxidation state of 
Mn2O3:2.64%Mo (red dots) based on the ΔE(3s) binding energy of reference compounds MnIIO, α-






         Mo4O11 (PDF 01-073-1538)
         MoO3 (PDF 00-035-0609)














Table S4. Calculated main values for the coordination numbers (N), amplitude reduction factors (S02), 
interatomic distances (R) and Debye-Waller factors (σ2) obtained from nonlinear least-squares fitting 
of the experimental Mn K-edge EXAFS spectra FT|k3χ(k)| of α-Mn2O3 and Mn2O3:2.64%Mo. 
Sample Bonds N S02 σ2 ΔE0 R(Å) 
α-Mn2O3 
Mn-O 2.0 1.05 0.00038 0.295 1.91286 
Mn-O 2.0 1.05 0.00255 0.295 2.07682 
Mn-O 2.0 1.05 0.00868 0.295 2.26757 
Mn-Mn 4.0 1.05 0.00297 0.295 3.09843 
Mn-Mn 2.0 1.05 0.00056 0.295 3.18621 
Mn-Mn 2.0 1.05 0.00988 0.295 3.60481 
 Mn-O 2.0 1.05 0.00268 0.352 2.04002 
 Mn-O 1.8 1.05 0.00328 0.352 1.89552 
Mn2O3:2.64%Mo Mn-O 2.0 1.05 0.01197 0.352 2.25936 
 Mn-Mn 4.0 1.05 0.00347 0.352 3.10902 
 Mn-Mo 2.0 1.05 0.00302 0.352 3.10043 
 Mn-Mn 4.0 1.05 0.01485 0.352 3.61941 
The α-Mn2O3.cif structure file was obtained from the ICDD database (PDF 01-071-0636). 
 
Table S5. BET surface area and TOF of catalysts (10 mg) for the chemical water oxidation reaction in 





(mmol O2   
m-2 h-1) 
TOF 
(μmol O2   
m-2 h-1) 
TOF 
(mmol O2 h-1 
 g Cat.-1) 
TOF 
(mmol O2  h-1  
mmol Mn-1) 
Mn2O3:1.72%Mo 27 0.4 353 9.9 0.7 
Mn2O3:2.64%Mo 33 0.6 585 19.1 1.5 
Mn2O3:32.23%Mo 28 0.01 11 0.3 0.04 
Mn2O3:49.67%Mo 29 0.0 0.0 0.0 0.0 
MoO2 and α-Mn2O3 
physical mixture 
26 0.03 28 0.7 - 
α-Mn2O3 16 0.04 37 0.6 0.05 
 
 
Figure S18. Dissolved oxygen concentrations of catalysts (10 mg) measured with a LDO electrode in 
deoxygenated aqueous solutions containing 0.11 M CAN as oxidant. The activity is normalized based 




Table S6. Comparison of the chemical water oxidation activities in the presence of CAN solution 















32.7 0.11 583.20 1.5 This work 
32.7 0.25 649.54 1.46 This work 
α-Mn2O3 (bixbyite) 16.6 0.11 36.70 0.05 This work 
16.6 0.25 56.92 0.07 This work 
22 0.25 50.00 0.090 [1] 
Mn3O4 (Hausmannite) 11 0.25 0.00 0.000 [1] 
LiMn2O4 70 0.25 10.00 0.050 [1] 
Ca0.48MnO1.93 (Marokite) 1 0.25 285.00 0.030 [1] 
MnO (Manganosite) 2 0.25 0.00 0.000 [1] 
MnO1.95·0.1H2O 
(Pyrolusite) 
12 0.25 15.00 0.010 [1] 
MnO1.85·0.3H2O 
(Ramsdellite) 
95 0.25 50.00 0.425 [1] 
K0.07MnO1.94  
(Cryptomelane) 
125 0.25 25.00 0.300 [1] 
MnO1.95·0.4H2O 
(Hollandite) 
80 0.25 40.00 0.275 [1] 
K0.11Ca0.22MnO2.03·0.7H2O 
(Todorokite) 
250 0.25 50.00 1.375 [1] 
Ca0.21MnO2.16·1.3H2O 
(Birnessite) 
240 0.25 60.00 1.650 [1] 
Na0.15K0.51MnO2.25·0.9H2O 
(Vernadite) 
160 0.25 20.00 0.425 [1] 
Table S7. Comparison of the photochemical water oxidation activities in the presence of Na2S2O8 as 








O2 m-2 s-1) 
Reference 
Mn2O3:2.64%Mo 32.7 8.5 (borate buffer) 
Clark 
electrode 
1.5 This work 
α-Mn2O3 (bixbyite) 16.6 8.5 (borate buffer) Clark 
electrode 
0.77 This work 












LiMn2O4 (spinel) 24.5 7 (NaHCO3) 
Clark 
electrode 
<LOD a [2] 
α-MnO2 (cryptomelane-
type) 





















Figure S19. Post-catalytic HRTEM images of Mn2O3:2.64%Mo after (a) chemical and (b, c) 
photochemical water oxidation. 
 
Figure S20. HAADF STEM-EDX mapping of Mn2O3:2.64%Mo after chemical water oxidation in the 
presence of 0.11 M CAN solution. 
 
Figure S21. HAADF STEM-EDX mapping of Mn2O3:2.64%Mo after photochemical water oxidation 








density j  
(mA cm-2) 
Overpotential 
ɳ vs RHE (mV) 
Tafel slope 
(mV per dec-1) 
Reference 
Mn2O3:2.64%Mo 1 M KOH 10 570 75 This work 
α-Mn2O3 1 M KOH 10 730 109 This work 
Mn2O3 0.1M KOH 10 580 n.a. [3] 
α-MnO2 treated by 
ionic liquid 
1 M KOH 10 394 49 [4] 
MnOx/N-CNT 1 M KOH 10 360 75 [5] 
Cs+ intercalated 
MnO2 nano-sheet 
1 M KOH 5 613 101.3 [6] 
MnO2 nano-sheet 
on Ni foam 
1 M KOH 10 320 40 [7] 
α-MnO2 1 M KOH 10 450 73.1 [8] 
α-MnO2/β-MnO2 1 M KOH 10 510 100.0 [8] 
β-MnO2 1 M KOH 10 600 109.3 [8] 
Broken β-MnO2 1 M KOH 10 580 101.5 [8] 





pH = 0 1 590 n.a. [10] 
Li-Birnessite 1 M KOH 1 740 n.a. [11] 
Co doped α-MnO2 0.1 M KOH 1 770 57 [12] 





pH = 7 
1.5 550 n.a. [13] 
MnO 0.1 M KOH 10 610 n.a. [3] 
TiO2/MnOx 
nanowire 




0.1 M KOH 10 490 77.5 [15] 
β-MnO2 1 M KOH 10 500 n.a. [16] 






pH = 7.8 





Figure S22. Simulated alkaline seawater electrolysis with the Mn2O3:2.64%Mo catalyst in 1.0 M KOH 
+ 0.5 M NaCl. Oxygen evolution (a) by Mn2O3:2.64%Mo at 1.58 mV (vs. RHE) with only 50 mV above 
onset potential in amperometry (b). 
 
 
Figure S23. (a) Mn K-edge XANES and (b) FT|k3χ(k)| spectra of pristine and postcatalytic 
Mn2O3:2.64%Mo. 100 CV cycles of FTO/ Mn2O3:2.64%Mo electrode in 1.0 M KOH solution in the 
potential range between 0.0 and 1.0 V at a scan rate of 5 mV/s. (d-g) SEM-EDX analysis of 





Figure S24. SEM-EDX mapping (a-e) of Mn2O3:2.64%Mo after multi-potential-step 
chronoamperometry (f) in 1.0 M KOH solution with a potential step of 0.05 V amperometry in the 











ɳ vs RHE 
(mV) 
Tafel slope (mV 
per dec-1) 
Reference 
Mn2O3:2.64%Mo 1 M KOH 10 570 75 This work 
Co3O4/N graphene 0.1 M KOH 10 960 121.8 [19] 
CoFe2O4@CoFe-Bi 0.1 M K2B4O8 10 460 127 [20] 
NiFe/Ni Co2O4 1 M KOH 10 340 38.8 [21] 
NiFeOH/NiFeP 1 M KOH 10 258 39 [22] 
NiPS3@NiOOH 0.1 M KOH 10 350 80 [23] 
Ni0.75-V0.25 LDH 
narrow nanosheets 
1 M KOH 10 350 50 [24] 
Ni-FeOH@Ni3S2 1 M KOH 10 479 124 [25] 
 
The impedance of the CPE can be calculated by 𝑍𝑍𝐶𝐶𝐶𝐶𝐶𝐶 = 1CPE (𝑗𝑗𝑗𝑗)𝑛𝑛 where ω is the angular frequency (ω 
= 2πf, f is frequency), j is the imaginary number, √−1. The range of n can be varied between 1 ≥ n ≥ 0, 
where for n=0 the CPE acts as a resistor and for n=1, the CPE acts as an ideal capacitor.26 The real 
capacitance of the double layer, Cdl, can be calculated from CPEdl using 𝐶𝐶𝑑𝑑𝑑𝑑 =  𝑅𝑅(1−𝑛𝑛𝑛𝑛 )𝐶𝐶𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑(1𝑛𝑛).27,28 The 
Cdl was calculated as 0.167 μF cm-2 and 311 μF cm-2 for α-Mn2O3 and Mn2O3:2.64%Mo, respectively. 
The value of the Cdl is directly proportional to the active surface area of the electrode.29 
 
Table S10. Equivalent circuit and its parameters for FTO/catalyst in 1.0 M KOH solution obtained from 






RS 38.45 11.50 
CPEfilm-T 8.92×10-7 5.5×10-7 
CPEfilm-P 0.70 0.85 
Rfilm 7310 818.80 
CPEdl-T 6.73×10-7 3.61×10-4 
CPEdl-P 0.72 0.53 





Figure S25. (a) Nyquist diagram and (b) Bode plots of FTO/ Mn2O3:2.64%Mo (blue line), and FTO/ 
α-Mn2O3 (red line) in a 0.1 M KPi buffer solution at 1.4 V applied potential in the frequency range of 
0.1 Hz-50 kHz. 
Calibration of the Ag|AgCl reference electrode 
Concerning the calibration of the Ag|AgCl reference electrode vs. RHE, we proceeded as follows: The 
Ag|AgCl|KCl 3M reference electrode was calibrated with respect to the reversible hydrogen electrode 
(RHE), in 1.0 M H2SO4 (pH ≈ 0) electrolyte using Pt as working and counter electrodes, while purging 
with high purity hydrogen gas during the measurement.30,31 The calibration value was 0.210 V, which 
is almost 0.05 V higher than the reported value for the Ag|AgCl|KCl 3 M reference electrode. To 
calculate the E1/2 value, we took the average value of potential where the anodic and cathodic scans 
crosses the zero current axis. The measured potentials vs. Ag/AgCl were converted to the reversible 
hydrogen electrode (RHE) scale according to the Nernst equation: ERHE = EAg/AgCl + 0.059 pH + 0.210, 
where ERHE is the converted potential vs. RHE and EAg/AgCl is the experimentally measured potential 
against the Ag/AgCl reference. 
 
Figure S26. Calibration of reference electrode (Ag|AgCl|KCl 3 M) with respect to Reversible Hydrogen 





Figure S27. (a) LSV measurements of complete range and comparison of onset OER range (inset) of 
Pt and Mn2O3:2.64%Mo working electrodes in a three electrode setup using Pt-mesh as counter and 
Ag/AgCl as reference electrode in 1 M KOH. (b) Postcatalytic EDX analysis of blank FTO working 
electrode. The red arrows indicate the Pt edges in the EDX spectrum. 
 
 
Figure S28. SEM image (a) and EDX spectrum (b) of RuO2. Carbon content is from the SEM sample 
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